In this article, we provide evidence for the presence of diglyceride kinase activity in cell extracts of Rhizobium meliloti 1021. Characterization of the rhizobial enzyme revealed that it shares many properties with the diglyceride kinase of Escherichia coli. A possible role for this enzyme during cyclic 0-1,2-glucan biosynthesis is discussed.
The cell surface carbohydrates of bacteria of the family Rhizobiaceae (i.e., the genera Rhizobium, Agrobacterium, and Bradyrhizobium) are believed to provide important functions during the process of plant infection. These carbohydrates include extracellular polysaccharides, capsular polysaccharides, lipopolysaccharides, and oligosaccharides. Studies in our laboratory have focused upon one class of cell surface carbohydrate, the cyclic P-1,2-glucans. The cyclic ,B-1,2-glucans are composed of between 17 and 24 glucose residues linked solely by ,B-1,2 glycosidic bonds. These molecules appear to be synthesized by all Agrobacterium and Rhizobium species (5, 10, 12, 25, 26) , and recent studies have provided evidence that these molecules function during plant infection as well as during bacterial adaptation to hypoosmotic stress (4, 6-9, 16, 19, 27) . Interestingly, the cyclic 3-1,2-glucans have been found to share many properties with the membrane-derived oligosaccharides (MDO) synthesized by Escherichia coli (1, (15) (16) (17) . These similarities include the following: (i) a 1-1,2 glucan backbone, (ii) periplasmic localization, (iii) osmoregulated biosynthesis, and (iv) sn-1-phosphoglycerol substituents derived from the head group of phosphatidylglycerol.
The transfer of phosphoglycerol head groups from phosphatidylglycerol to the MDO of E. coli is mediated by the membrane-bound enzyme phosphoglycerol transferase I, which was identified by Jackson and Kennedy (11) . These researchers have shown that sn-1,2-diglyceride is generated in membranes of E. coli upon the transfer of the sn-lphosphoglycerol head group to the MDO. However, diglyceride does not accumulate within E. coli (20) . Instead, this bacterium produces the enzyme diglyceride kinase, which functions to recycle diglyceride back into the phospholipid pool through the formation of phosphatidic acid. This diglyceride cycle is advantageous for the cell because most of the ATP required for membrane phospholipid synthesis is expended during the formation of the fatty acid chains (22) . Furthermore, it appears that diglyceride accumulation within E. coli may be incompatible with growth. This is suggested from studies with diglyceride kinase mutants of E. coli. These mutants have been shown to be greatly impaired for growth at low osmolarity, a growth condition which P-1,2-glucans of Rhizobium meliloti 1021 are also derived from the head group of phosphatidylglycerol (15) , it is likely that diglyceride is generated as a by-product of cyclic ,3-1,2-glucan biosynthesis. On the basis of the importance of the diglyceride cycle in E. coli, it seems probable that an analogous diglyceride salvaging cycle operates in Rhizobium species during cyclic P-1,2-glucan biosynthesis. In this article, we provide the first evidence for a diglyceride cycle in R. meliloti through the demonstration of diglyceride kinase activity in cell extracts of this bacterium.
Bacterial strains and growth conditions. R. meliloti 1021 was provided by F. M. Ausubel, Harvard Medical School, Boston, Mass. Cells were cultured in TY medium (2) at 30°C. E. coli RZ60 (dgk-6) and RZ600 (dgk+) were provided by E. P. Kennedy, Harvard Medical School. The E. coli strains were cultured in LB medium (14) at 37°C.
Preparation of cell extracts. One-liter cultures were grown to the late logarithmic stage of growth and harvested by centrifugation at 12,000 x g for 20 min at 5°C. The cell pellets were washed once with 25 ml of TM buffer (50 mM Tris-phosphate [pH 6.6], 1 mM 2-mercaptoethanol) and subsequently resuspended in 5 ml of TM buffer before sonication. The cell suspension was cooled in a salt-ice bath and subjected to sonic irradiation (Vibracell model 250W; Sonics and Materials, Inc., Danbury, Conn.) using a standard horn (0.5-in. [ca. 1.3-cm] diameter). Samples were treated for a total of 6 min with 1-s bursts interrupted by 1-s periods of cooling. After sonication, unbroken cells were removed by centrifugation at 3,000 x g for 10 min at 5°C. Triton X-100, 2 mM diglyceride (sn-1,2-dioleoylglycerol), 4 .5 mM [y-32P]ATP (900 to 2,200 cpm/nmol), and cell extract (7.5 ,ug of protein) in a total volume of 250 [l. After incubation for 60 min at 37°C, 1.5 ml of a chloroformmethanol solution (2:1, vol/vol) was added to stop the reaction. Next, 2.5 ml of a solution containing 2 M KCl and 0.01 N HCl was added, and the mixture was centrifuged at 2,000 x g for 5 min at room temperature. An aliquot of the lower chloroform phase (containing [32P]phosphatidic acid) was transferred to a scintillation vial and allowed to dry overnight before the addition of 10 ml of Liquiscint scintillation fluid (National Diagnostics). Scintillation counting was performed with a Beckman model LS1701 liquid scintillation spectrophotometer.
Aliquots of the chloroform phase were also analyzed by thin-layer chromatography using silica gel 60 thin-layer chromatography plates (EM Science) and two solvent systems. Solvent system A consisted of chloroform-methanolwater (65:25:4), and solvent system B consisted of chloroform-methanol-28% ammonia (65:25:5). The plates were allowed to dry overnight and were subsequently analyzed by autoradiography.
Chemicals. Diglyceride (sn-1,2-dioleoylglycerol), cardiolipin (bovine heart), and phosphatidic acid (dioleoyl) were obtained from Sigma Chemical Company (St. Louis, Mo.).
[_y-32P]ATP (10 to 50 Ci/mmol) was obtained from NEN Research Products (Boston, Mass.) or ICN Radiochemicals (Irvine, Calif.).
Diglyceride kinase activity is present in cell extracts of R. meliloti 1021. When cell extracts derived from R. meliloti 1021 were incubated in the presence of [-y-32PIATP and sn-1,2-dioleoylglycerol, radiolabeled phosphatidic acid was produced and was the only product detected by thin-layer chromatographic analysis (using either solvent system A or solvent system B) of chloroform extracts of assay mixtures. The production of phosphatidic acid was found to be linearly dependent on time (up to 120 min) and protein concentration (up to 10 jig of total cellular protein). Furthermore, the production of radiolabeled phosphatidic acid by cell extracts was found to be strictly dependent on the addition of sn-1,2-dioleoylglycerol to the assay mixture (Table 1) , thus indicating that the activity was a true diglyceride kinase activity. The diglyceride kinase of R. meliloti 1021 shares many properties with the E. coli diglyceride kinase. The specific activity of diglyceride kinase in cell extracts derived from R. meliloti 1021 was found to be similar to the level of diglyceride kinase activity in cell extracts of E. coli (Table 1 ; also see references 22 and 23). Further analysis also indicated that the rhizobial enzyme may be membrane associated (Table 1) . A membrane localization for the rhizobial enzyme was expected because previous studies have shown the E. coli diglyceride kinase enzyme to be an extremely hydrophobic integral membrane protein (13) .
When diglyceride kinase activity was examined as a function of pH, phosphatidic acid production was found to occur in the pH range between 6.2 and 7.7, with optimum production near pH 7 (data not shown). The diglyceride kinase of E. coli has also been shown to be active over a rather broad pH range, with optimum activity near pH 7 (3, 18, 24) .
The diglyceride kinase of E. coli has been shown to be extremely heat resistant while associated with the membrane (18, 21) . Likewise, the rhizobial enzyme was found to be heat resistant. For example, when R. meliloti 1021 cell extracts were pretreated at 65°C for up to 3 h, diglyceride kinase activity was found to decrease by only 20% compared with unheated controls.
The rhizobial diglyceride kinase also was found to be similar to the E. coli enzyme with respect to a requirement for magnesium. As shown in Fig. 1 , diglyceride kinase activity in cell extracts of R. meliloti 1021 was strictly dependent on the addition of magnesium to the assay system. Optimal activity was detected when magnesium was added at final concentrations of 10 mM or higher. Similar concentrations of magnesium previously have been shown to be required for optimal activity of the E. coli enzyme (18, 24) .
Lastly, the apparent Km for the diglyceride substrate was similar to values previously reported for the diglyceride kinase enzyme of E. coli. When the sn-1,2-dioleoylglycerol concentration was varied from 10 to 400 ,uM, the halfmaximal rate of phosphatidic acid biosynthesis occurred at a concentration of 57 puM (Fig. 2) . This value is comparable to those previously obtained for the E. coli enzyme with either membrane preparations (18) or partially purified enzyme preparations and essentially identical assay conditions (3, 23 A diglyceride cycle may be present in R. meliloti. The presence of diglyceride kinase activity in cell extracts of R. meliloti 1021 suggests that a diglyceride cycle operates in parallel with cyclic 3-1,2-glucan biosynthesis. Such a diglyceride cycle would be directly analogous to that previously described for E. coli, in which diglyceride kinase functions primarily to scavenge diglyceride generated during MDO biosynthesis (22) . Indeed, it is probable that the primary substrate for the R. meliloti enzyme is diglyceride that has been generated as a by-product of cyclic P-1,2-glucan biosynthesis. This conclusion is supported by a previous study in which we demonstrated that >60% of the total phospholipid turnover in R. meliloti 1021 results from the transfer of phosphoglycerol head groups from phosphatidylglycerol to the cyclic ,-1,2-glucans (15) .
